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RESISTOR THIN FILM MTP MEMORY

BACKGROUND

1. Technical Field

The present disclosure relates to the field of integrated
circuits. The present disclosure relates more particularly to
memories 1n mtegrated circuits.

2. Description of the Related Art

Integrated circuits are used 1n a large variety of applica-
tions. Individual integrated circuits can take the form of volt-
age amplifiers, voltage regulators, digital signal processors,
microcontrollers, wireless adapters, microprocessors, smart
cards, and many other devices. Some 1ntegrated circuits have
circuitry that performs many of these functions on a single
chup.

Many integrated circuits are provided with memory cells
that store executable mstructions for the proper functioning of
the integrated circuit. For example, microcontrollers often
include an array of memory cells that store data for the opera-
tion of the microcontroller. Often this memory i1s one-time
programmable and 1s pre-programmed for specific applica-
tions by the manufacturer. In some instances the array of
memory cells 1s programmable by the user.

Common types of memory used in microcontrollers and
other mtegrated circuits are EPROM, EEPROM, and Flash.
An EPROM memory cell includes a transistor with a floating
gate. The floating gate can be programmed by storing charge
thereon and 1s erasable by 1rradiating the transistor with ultra-
violet (UV) light. Like EPROM, a traditional EEPROM
memory cell includes a transistor with a tloating gate. But
unlike EPROM, an EEPROM memory cell can be erased
clectrically without irradiation by UV light. A flash memory
cell also includes a transistor with a floating gate and ditfers
from traditional EEPROM 1n that cells are not singly erasable
and must be erased 1n large blocks.

The above-described types of memory cells sutier from the
drawback that they all include transistors formed on the semi-
conductor substrate. As integrated circuits become more and
more complex, more area of the semiconductor substrate 1s
used to form control circuitry. A large array of memory cells
that each mncludes one or more transistors thus takes up pre-
cious area of the semiconductor substrate that could be used
to 1ncrease the complexity of control circuitry or to produce
more integrated circuits on a single water.

BRIEF SUMMARY

One embodiment 1s an integrated circuit having an array of
memory cells above a surface semiconductor substrate.
Because the array of memory cells 1s not formed at the surface
of the semiconductor substrate more surface area of the sub-
strate can be used for increasing complexity of control cir-
cuitry formed of transistors at the surface of the substrate. In
one embodiment, all elements of the memory storage cell are
positioned on an insulating layer, without a use of a semicon-
ductor layer 1n the storage cell.

One embodiment 1s an integrated circuit comprising a
semiconductor substrate and a first dielectric layer overlying
the substrate. An adjustable resistor overlies the dielectric
layer. The resistance of the adjustable resistor 1s representa-
tive ol a value of data stored in the adjustable resistor. A
heating element 1s adjacent the adjustable resistor. The heat-
ing element 1s separated from the adjustable resistor by a
second dielectric layer and 1s configured to write data to the
adjustable resistor by heating the adjustable resistor to alter
its structure and thus 1ts resistivity.
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In one embodiment the adjustable resistor 1s a multilayer
resistor composed of a first thin film layer and a second thin
film layer in contact with the first thin film layer. In one
embodiment the first thin film layer 1s chromium silicon hav-
ing a first concentration of silicon and the second thin film
layer 1s chromium silicon having a second concentration of
s1licon different than the first concentration. The first thin {ilm
layer mixes with the second thin film layer to alter the resis-
tance of the adjustable resistor when heat 1s applied to the
adjustable resistor.

One embodiment 1s an integrated circuit comprising a
semiconductor substrate, control circuitry 1n the semiconduc-
tor substrate, and a first dielectric layer above the semicon-
ductor substrate. A {irst array of memory cells 1s above the
dielectric layer. Each memory cell of the first array includes a
respective adjustable resistor and an adjacent heating element
separated from the adjustable resistor by a second dielectric
layer. The heating element 1s configured to write data to the
adjustable resistor by heat transfer. In one embodiment each
memory cell of the first array of memory cells 1s a multi-bit
memory cell. A first metal mterconnection layer 1s on the
dielectric layer. A second metal interconnection layer is
above the first metal interconnection layer. The first array of
memory cells 1s located at a level corresponding to a level of
the second metal interconnection layer.

In one embodiment a second array of memory cells 1s
formed above the first array of memory cells. The second
array ol memory cells may be formed at a level corresponding
to a third level of metal interconnections. A third array of
memory cells may be formed above the second array. In one
embodiment there 1s an array of memory cells formed at each
metal interconnection level of the integrated circuat.

One embodiment 1s a method having the steps of: forming
control circuitry in a semiconductor substrate, forming a
dielectric layer above the semiconductor substrate, and form-
ing a thin film adjustable resistor above the dielectric layer.
The method further includes storing data 1n the adjustable
resistor by heating the adjustable resistor to alter the resistiv-
ity of the adjustable resistor.

In one embodiment forming the adjustable resistor com-
prises forming a first layer of resistive material and forming a
second layer of resistive maternial directly 1n contact with the
first layer, the first and second layers forming the adjustable
resistor.

There are at least two different ways to heat the adjustable
resistor. In one embodiment, a heater 1s placed next to the
adjustable resistor. In a second embodiment current 1s passed
through the resistor 1tself, causing the resistor to heat up. The
heating of the adjustable resistor 1s thus carried out by the
resistor itself. In the first embodiment, current passes through
a {irst thin film heater element to heat 1t to a selected tempera-
ture for altering a structure of a second thin film resistor by
heat transter from the first thin film resistor. This stores stor-
ing data in the thin film resistor by altering its structure. The
method further comprises reading data from the second thin
f1lm resistor by obtaining an indication of a resistance of the
second thin film resistor.

In one embodiment a plurality of wordlines 1s formed of the
second set of metal interconnection lines, each wordline con-
necting to a row ol memory cells of the array of memory cells.
A plurality of bitlines each connects to a column of memory
cells of the array of memory cells. A plurality of heater lines
cach connects to either a row or a column of memory cells of
the array ol memory cells.

In one embodiment, the storage resistor 1s a first thin {ilm
resistive layer and a source layer in contact with the first thin
film resistive layer. The source layer 1s a source of atom
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migration to the first thain film resistive layer to change a
resistance of the first thin film resistive layer. A heat transter

dielectric layer 1s adjacent the first thin film resistive layer. A
thin film heating layer of refractory metal 1s adjacent the first
heat transfer dielectric layer. The thin film heating layer 1s
configured to generate heat to pass through the heat transter
dielectric layer to the first thin film resistive layer and the
source layer to write data to the first thin film resistive layer by
causing a migration of atoms from the source layer to the first
thin film resistive layer.

In one embodiment the first thin film resistive layer 1s a first
chromium silicon alloy having a first concentration of silicon.
The source layer 1s a second chromium silicon layer having a
second concentration of silicon. The second thin film resistive
layer 1s a tantalum aluminum alloy. The first thin film resistive
layer 1s silicon and the source layer i1s an oxide. The heat
transier layer 1s silicon nitride.

The present application has some aspects of the disclosure
which overlap and are similar to application entitled ““Thin
Film Metal-Dielectric-Metal Transistor” filed on Dec. 29,
2010, the same day as the parent application, and having

common ownership therewith and bearing application Ser.
No. 12/981,375, and which 1s now published on Jul. 5, 2012
as U.S. 2012/0168734.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 11s a block diagram of an integrated circuit according,
to one embodiment.

FIG. 2 15 a block diagram of a memory array according to
one embodiment.

FIG. 3 15 a block diagram of a memory array according to
one embodiment.

FI1G. 4 15 a block diagram of a memory array according to
one embodiment.

FI1G. 51s a block diagram of an integrated circuit according,
to one embodiment.

FIG. 6 1s a block diagram of a portable electronic device
according to one embodiment.

FIG. 7 1s a block diagram of an integrated circuit according,
to one embodiment.

FIGS. 8A-8E 1llustrate various steps 1n a process for form-
ing an integrated circuit according to one embodiment.

FIG. 9 15 a cross section of an integrated circuit according
to one embodiment.

FIG. 10A 1s a top view of a layout of a memory cell
according to one embodiment.

FIG. 10B 1s a cross section taken along lines 10B-10B of
the memory cell of FIG. 10A.

FIG. 10C 1s a cross section taken along lines 10C-10C of
the memory cell of FIG. 10A.

FIG. 10D 1s an alternative embodiment of the heating ele-
ment 1n an exemplary memory cell.

FIG. 11 1s a top view of a layout of a portion of a memory
array according to one embodiment.

FIG. 12 1s circuit diagram 1llustrating a write process of a
memory cell according to one embodiment.

FI1G. 13 1s a circuit diagram 1llustrating a read process of a
memory cell according to one embodiment.

FI1G. 14 1s a circuit diagram of a memory array according to
one embodiment.

FIG. 135 15 a cross section of a thin film adjustable resistor
according to one embodiment.

FI1G. 16 1s a graph of the resistivity changes over tempera-
ture variations of an adjustable resistor according to one
embodiment.
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FIG. 17 1s a diagram of programming states of a multi-bit
adjustable resistor according to one embodiment.

FIG. 18 1s a diagram of programming states ol a multi-bit
adjustable resistor according to one embodiment.

FIG. 19 1s phase diagram of chromium silicon alloys.

FIG. 20 1s a cross section of a thin film adjustable resistor
according to one embodiment.

FIG. 21 1s a graph of a resistance of an adjustable resistor
according to one embodiment.

FIG. 22 1s a graph of a resistance of an adjustable resistor
according to one embodiment.

FIG. 23 illustrates a memory device according to one
embodiment.

FIG. 24 A 15 a cross section of a thin {ilm adjustable resistor
according to one embodiment.

FIG. 24B 1s a cross section of a thin {ilm adjustable resistor
according to one embodiment.

FIG. 24C 1s a cross section of a thin {ilm adjustable resistor
according to one embodiment.

FIG. 25 1s a schematic of a memory cell including two thin
film adjustable resistors according to one embodiment.

FIG. 26 1s a schematic of the memory cell of FIG. 25
including a data reading circuat.

FIG. 27 1s top view of a layout of a memory cell including
two thin film adjustable resistors according to one embodi-
ment.

FIG. 28 1s a graph of the resistances of two adjustable
resistors of a memory cell according to one embodiment.

FIG. 29 1s a schematic of a memory array according to one
embodiment.

DETAILED DESCRIPTION

FIG. 11s a block diagram of an integrated circuit 30 accord-
ing to one embodiment of the invention. The itegrated circuit
30 includes control circuitry 32, a heating element 33 con-
nected to the control circuitry 32, and an adjustable resistor 34
adjacent the heating element 33. The adjustable resistor 1s
close enough to the heating element 33 that the heating ele-
ment 33 can raise the temperature of the adjustable resistor 34
to alter the resistance of the adjustable resistor 34.

The adjustable resistor 34 acts as a memory storage device.
The control circuitry 32 can write data to the adjustable resis-
tor 34 by activating the heating element 33 to generate heat
suificient to alter the resistivity of the structure of the adjust-
able resistor 34. When the resistivity of the structure of the
adjustable resistor 34 is altered, the resistance of the adjust-
able resistor 34 1s also altered.

The resistance of the adjustable resistor 34 represents the
value of data stored in the adjustable resistor 34. The control
circuitry 32 can subsequently read this data by measuring the
resistance of the adjustable resistor 34 1n any suitable manner.
In one embodiment the control circuitry 32 reads the data
stored 1n the adjustable resistor 34 by passing a current
through the adjustable resistor 34 and comparing that current
to a control current. The control current may be a current
passed through an unaltered adjustable resistor 34.

The adjustable resistor 34 may be a one-time program-
mable read only memory cell. In this embodiment, aiter being
programmed, the adjustable resistor 34 cannot be brought
back to a previous state of resistance. Alternatively, the
adjustable resistor 34 may be of a material that can be heated
a plurality of times to change the value of the data stored
therein from a first value to a second value.

The adjustable resistor 34 may also be a multi-bit memory
cell. During a writing process, the heating element 33 can be
controlled to apply a selected level of heat for a selected
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duration to the adjustable resistor 34 to adjust the resistance of
the adjustable resistor 34 to one of multiple possible resis-
tances. In this way the resistance of the adjustable resistor 34
can represent more than one bit of data. The number of bits the
adjustable resistor 34 can hold 1s 1n part based on how pre-
cisely and reliably the resistance can be altered in small
increments by the writing process.

Further details regarding memory arrays including adjust-
able thin film resistors can be found 1n U.S. patent application
Ser. No. 12/981,379 which 1s incorporated by reference
herein 1n 1ts entirety. Further details regarding formation of
thin film resistors and heating elements can be found in U.S.
patent application Ser. No. 12/981,375 which 1s incorporated
by reference herein 1n 1ts entirety.

FIG. 21s ablock diagram of an array 36 of memory cells 40.
Each memory cell 40 comprises an adjustable resistor 34 and
a heating element 33. Each heating element 33 1s connected to
a write control circuit 35. The write control circuit 35 allows
a heating element 33 to perform a write process on an adjacent
adjustable resistor 34 of the same memory cell 40. While FIG.
2 shows three memory cells 40, the memory array 36 typically
will contain many more memory cells 40.

In one embodiment, the write control circuit 35 allows a
selected heating element 33 to be connected to a positive
voltage supply. When the heating element 33 1s connected to
the positive voltage supply a programming current flows in
the heating element 33. The heating element 33 1s connected
to the positive voltage supply for a selected period of time
during which a current flows through the heating element 33.
The current in the heating element 33 causes the heating
clement 33 to generate heat and to heat the adjustable resistor
34 of the same memory cell 40. The increase in temperature
causes a structural change of the adjustable resistor 34, which
in turn causes a change in the resistance of the adjustable
resistor 34. In this way each heating element 33 of the array 36
can write data to an adjacent adjustable resistor 34.

To write data to the adjustable resistor 34, the heating
clement 33 raises the temperature of the adjustable resistor 34
to a temperature beyond what the adjustable resistor 34 would
experience during normal operation of the mtegrated circuit
30. Typically, an integrated circuit 30 will not reach tempera-
tures higher than 150° C. during normal operating conditions
alter processing, packaging, and testing of the integrated
circuit 30 has been completed. The adjustable resistor 34 1s
configured so that its resistance will not be altered when
subjected to temperatures 1n the normal operating range. The
adjustable resistor 1s configured to undergo a permanent
change or a semi-permanent change 1n resistance when the
temperature 1s raised much higher than the normal operating,
temperatures, for example 1n the range of 400° C.-500° C. for
a duration of about 1 ms. When the adjustable resistor 34
cools to a normal operating temperature aiter the program-
ming cycle, its resistance 1s a new value. This new value will
be different than what 1t was at that normal operating tem-
perature prior to the programming cycle. The new value will
stay at this value for the life of the resistor, unless of course 1t
1s programmed again.

The adjustable resistor 34 1s connected to a memory read
circuit 37. The memory read circuit 37 allows the adjustable
resistor 34 of a selected memory cell 40 to be read. When the
adjustable resistor 34 of a memory cell 40 1s read, an 1ndica-
tion of the value of the resistance of the adjustable resistor 34
1s obtained. The resistance of the adjustable resistor 34 rep-
resents a value of data stored in the adjustable resistor 34. The
resistance of the adjustable resistor 34 can be measured
directly or indirectly by measuring a voltage drop across the
adjustable resistor 34, by measuring a current tlowing in the
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resistor, by comparing a voltage drop or current to a control
value, or by any suitable means for detecting the resistance of
the adjustable resistor 34.

The memory array 36 of FIG. 2 shows only the heating
clements 33 of the memory cells 40 being connected to the
write control circuit 35, but many other configurations are
possible. For example both the heating elements 33 and the
adjustable resistors 34 of the memory cells 40 may be con-
nected to the write control circuitry. Likewise, the heating
clements 33 of the memory cells 40 may also be connected to
the memory read circuit 37. In other embodiments, all or
portions of the write control circuit 35 and the memory read
circuits 37 may be located away from the memory array 36,
for example 1n address and selection circuitry.

FIG. 3 illustrates an array 36 of memory cells 40 according,
to one embodiment of the invention. In FIG. 3 each memory
cell 40 of the array 36 has only an adjustable resistor 34. Each
adjustable resistor 34 1s connected to the write control circuit
35 and to the memory read circuit 37.

The write control circuitry 35 enables a write cycle by
connecting a selected adjustable resistor 34 to a positive volt-
age supply which as a high current source. When the adjust-
able resistor 34 1s connected to the positive voltage supply a
current tlows in the adjustable resistor 34. The current flowing
through the resistor 34 causes the adjustable resistor 34 to
generate heat and to raise the temperature of the adjustable
resistor 34. When the temperature 1s raised sulliciently, the
resistance of the adjustable resistor 34 1s altered, thus writing
data to the adjustable resistor 34. In this embodiment the
heating element 33 1s not present because the adjustable resis-
tor 34 generates 1ts own heat to alter 1ts resistance when a
current flows through it. The voltage and current applied to
the resistor 34 are selected to heat the resistor to the correct
value to program 1t but not to damage 1it.

The memory read circuit 37 allows a selected adjustable
resistor 34 to be read. When the adjustable resistor 34 of a
memory cell 40 1s read, an indication of the resistance of the
adjustable resistor 34 1s obtained. The resistance of the adjust-
able resistor 34 represents a value of data stored 1n the adjust-
able resistor 34. The resistance of the adjustable resistor can
be measured by any acceptable technique, for example, by
measuring a voltage drop across the resistor, by measuring a
current flowing 1n the resistor, by comparing a voltage drop or
current to a control value, or by any suitable means for detect-
ing the resistance of the adjustable resistor 34. In other
embodiments, all or portions of the write control circuit 35
and the memory read circuit 37 may be located away from the
memory array 36, for example 1 address and selection cir-
cuitry not shown.

FIG. 4 illustrates a memory array 36 according to one
embodiment of the mvention. The memory array 36 com-
prises a plurality of memory cells 40 arranged in rows and
columns. Each memory cell 40 contains an adjustable resistor
34 of the types shown and described with respect to FIGS.
1-3, and may also contain a heating element 33 as shown 1n
FIGS. 1 and 2.

Each column of memory cells 40 1s connected to a separate
bitline. Here there are n bitlines for n columns of memory
cells. Each row of memory cells 1s connected to a separate
wordline. M wordlines are illustrated for M rows of memory
cells 40. Address and selection circuitry are utilized to select
individual memory cells for read or write cycles. To select an
individual memory cell 40 for a read or write cycle, the bitline
and the wordline to which the memory cell 40 1s connected
will be selected and connected to the proper voltage supply
lines for the read or write cycle. Multiple memory cells may
be written to or read from simultaneously. For example, dur-
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ing a read cycle a single wordline may be selected while many
or all bitlines are selected. Each selected bitline may be con-
nected to separate read circuitry, allowing a multitude of
memory cells 40 1n a row of memory cells 40 to be read
simultaneously. In the same manner a plurality of memory
cells 40 may be written to at the same time by selecting one
wordline and selecting multiple bitlines.

In other embodiments, each row of memory cells 40 may
also be connected to a separate heater line or column, one
example of which i1s shown 1n FIG. 14. The heater lines may
be utilized to separately send current through heating ele-
ments 33 of selected memory cells 40. Many configurations
are possible to implement an array 36 of memory cells 40
including many commonly known techniques of address and
selection circuitry.

FIG. 5 1s an integrated circuit 30 according to one embodi-
ment of the mvention. The integrated circuit 30 of FIG. 5
includes control circuitry 32 and an array 36 of memory cells
coupled to the control circuitry 32. Each memory cell of the
array includes an adjustable resistor 34 as described 1n rela-
tion to FIGS. 1-4. The integrated circuit 30 also includes
input/output circuitry 41 coupled to the control circuitry 32.
The mput/output circuitry 41 allows the integrated circuit 30
to communicate with other devices or with an end user.

In one embodiment the integrated circuit 30 1s a microcon-
troller. Microcontrollers are used 1n a large variety of appli-
cations. Microcontrollers are often used in applications 1n
which the large processing power of a microprocessor 1s not
needed, and 1n which low cost and small size are important. It
may contain a CPU core, a clock, timing circuits, interrupts,
I/O circuitry, and memory all integrated into one chip. In
traditional microcontroller the memory 1s often an array of
memory cells such as ROM, EPROM, EEPROM, or flash.
The memory 1n a microcontroller 1s often one-time program-
mable. The microcontroller memory stores executable
instructions that run the microcontroller and may contain data
for operating devices that the microcontroller controls.

As microcontrollers are asked to do more complex process-
ing, more transistors may need to be formed on the chip to
create processing architecture. Additionally, each memory
cell of traditional ROM, FPROM, FEPROM and FLASH
might be formed of two or more transistors, for example,
including a floating gate transistor and one or more access
transistors. These memory transistors of the traditional
memory arrays are formed at the surface of the chip and thus
take up surface area on the chip that could be used for pro-
cessing circuitry or other applications. This increases the cost
of the microcontroller while decreasing the area available for
processing functionality.

A memory cell 40 contaiming an adjustable resistor 34
according to FIGS. 1-4 of the present disclosure may be
tormed spaced apart from the surface of the microcontroller
as will be described 1n more detail herein. This advanta-
geously allows for more surface area of the substrate to be
used for processing circuitry of the microcontroller. Thus the
circuit complexity and memory capacity can increase without
increasing the footprint of the semiconductor array.

In the embodiment of FIG. 5, microcontroller 30 has con-
trol circuitry 32 including processing circuitry, I/O circuitry
41, and an array 36 of adjustable resistor memory cells 40.
The control circuitry 32 may be processing circuitry config-
ured to execute mstructions stored in the memory array 36. In
one embodiment the memory array 36 1s preprogrammed
during manufacture or testing of the microcontroller 30. In
other embodiments the memory array 36 1s programmed prior
to being installed 1n a system or device of which the micro-
controller 30 will be part. The preprogramming can occur any
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time prior to being used by an end user. In one embodiment
the memory array 1s only partially preprogrammed, with
unprogrammed portions ol the array programmable by an end
user. In one embodiment the memory array 1s entirely pro-
grammable by an end user. An end user can write to or read
from the memory array by means of the imnput/output circuitry.
The microcontroller 30 may be programmed with data
received from other circuits of a device 1n which the micro-
controller 30 1s installed. In one embodiment the memory
cells 40 of the memory array 36 are one-time programmable.
In other embodiments the memory cells 40 of the memory
array 36 are reprogrammable, as explained later herein.

FIG. 6 1s a portable electronic device 42 according to one
embodiment of the invention. In one embodiment the portable
clectronic device 42 1s a cell phone, a PDA, a laptop, a GPS,
a gaming system or controller, an MP3 player, a medical
device, or any other portable electronic device. The portable
clectronic device 42 has a microcontroller 30 according to
one embodiment as described 1n relation to FIG. 5. Alterna-
tively, the processor can be a microprocessor or a microcom-
puter or other CPU based device. The portable electronic
device 42 further comprises peripheral functional devices
including a battery 46, an antenna circuit 48, an input/output
circuit 50 of the portable electronic device, and a display
circuit 32, all of which may be controlled by the microcon-
troller 30. The portable electronic device 42 may in practice
contain many other components not shown here for the sake
of stmplicity.

The microcontroller 30 controls all or a portion of the
function of the antenna circuit 48, the input/output circuitry
50, the display circuit 52, and the battery 46. The microcon-
troller 30 has a memory array 36 of adjustable resistor
memory cells 40 as described in relation to FIGS. 1-5.
Instructions for the operation of the microcontroller 30 are
stored in the memory array 36. The memory array 36 may also
contain data for controlling the operation of the display cir-
cuit 52, input/output circuitry 30, the antenna circuit 48, or the
battery 46. Additionally, the other circuits of the portable
clectronic device may contain their own memory arrays 36
according to FIGS. 1-5.

FIG. 6 illustrates only one embodiment 1n which a micro-
controller 30 according to the present disclosure may be used
(1n a portable electronic device). Microcontrollers are used 1n
a very large variety of devices, like cars, toys, household
appliances, alarm clocks, and many other kinds of devices.
All of these may benefit from a microcontroller 30 with
increased memory capacity and processing power at a more
affordable cost.

FIG. 7 1llustrates an integrated circuit 30 according to one
embodiment of the invention. The integrated circuit 30
includes a semiconductor substrate 54 and a dielectric stack
56 formed above the semiconductor substrate 54. The dielec-
tric stack 56 1s shown as a single dielectric layer in FIG. 7, but
in practice the dielectric stack 56 1s formed of many dielectric
layers. Multiple levels of metal interconnections are also
formed between layers of the dielectric stack 56. Control
circuitry 32 1s formed 1n the semiconductor substrate 54. In
one embodiment the control circuitry 32 includes a plurality
of transistors formed according to known methods. Address
circuitry 1s also formed in the semiconductor substrate 54.

FIG. 71llustrates a particularly advantageous feature of one
embodiment. A {first array 36a of memory cells 40 as
described i FIGS. 1-5 1s formed 1n the dielectric stack 56
above the substrate 54. Because the memory cells 40 do not
include transistors formed at the surface o the semiconductor
substrate, the memory array 36a does not take up valuable
area of the semiconductor substrate 54. This means that more
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complex control circuitry 32 can be placed 1n each integrated
circuit 30, or that each integrated circuit 30 can be smaller and
thus more integrated circuits 30 can be fabricated from a
single semiconductor water. Because an array 36a of memory
cells 40 according to one embodiment does not need to be
formed at the surface, additional arrays 365, 36¢ of memory
cells 40 can be formed above the first array 36a of memory
cells 40.

As shown 1n FI1G. 7, a second array 365 of memory cells 40
1s formed in the dielectric stack 56 above the first array 36a of
memory cells 40. A third array 36¢ of memory cells 40 1s
formed above the second array 365 of memory cells 40. This
stacking of memory arrays allows the integrated circuit 30 to
have more memory cells 40 than 1f the memory cells 40 had to
be formed at the surface of the semiconductor substrate 54.
Additional arrays 36 of memory cells 40 can be formed in the
dielectric stack 56 above array 36¢. As many arrays 36 as can
be {it 1n the dielectric stack 56 can be formed. In this way the
density of memory cells 1n an 1tegrated circuit 30 can be
multiplied by the number of arrays 36 in the dielectric stack
56. The number of memory cells 40 can be easily increased by
stacking arrays three dimensionally.

During manufacture of the integrated circuit 30, many
dielectric layers of the dielectric stack 56 are subsequently
formed one on top of another. Between steps of forming
dielectric layers of the dielectric stack 56, metal interconnect
lines, contacts, plugs, and vias are formed between the layers
of the dielectric stack 56. In an 1ntegrated circuit 30, there are
typically several layers of interconnecting metal lines formed
in the dielectric stack 56. Vias, contacts, and plugs are formed
to connect the metal interconnect lines located higher 1n the
dielectric stack 56 with metal interconnect lines located lower
in the dielectric stack 56. The metal interconnect lines are said
to be formed of metal one, metal two . . . metal n, where metal
one forms the mterconnect lines closest to the substrate and
metal n forms the interconnect lines furthest from the sub-
strate. The metal interconnect lines of a same level are formed
of a same metal layer deposited on a patterned layer of the
dielectric stack 36. The metal layer i1s then patterned and
ctched to form the metal interconnect lines of that metal layer.

In one embodiment, an array 36 of memory cells 40 1s
formed at a same level as metal interconnect lines of one of
the metal layers 1-n as described above. In the embodiment
shown 1n FIG. 7, the first memory array 36a could be formed
at metal one or between metal one and metal two. The second
memory array 36b could be formed at the same level as metal
two, or between metal two and metal three. In a preferred
embodiment of the invention the first memory array 36a 1s
formed at a metal level higher than metal one, for instance at
a level between metal two and metal three. An array 36
formed at a level corresponding to metal one may take up
extra area at the surface of the substrate 1n order to form
connecting lines with address and control circuitry 58, 52.
Thus 1t 1s preferable to form the first memory array 36q at a
level higher than metal one. The memory arrays 36a-36¢c may
also be formed between metal levels rather than at substan-
tially the same level as the metal layers.

As mentioned above, address circuitry 58 1s formed in the
substrate 54 adjacent the control circuitry 32. The address
circuitry 38 allows the control circuitry 32 to select individual
memory cells 40 of the arrays 36a-36¢ of memory cells 40 for
read or write operations. Address circuitry 58 1s well known in
the art and the methods for implementing it are not described
here.

FIGS. 8 A-8E illustrate an integrated circuit 30 according to
one embodiment of the invention. The dimensions, materials,
process steps, and layers described in 8A-8E can be altered in
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numerous ways without departing from the scope of this
invention and are given only by way of example. Further-
more, the layers shown in FIGS. 8A-8E are not drawn to
scale.

In FIG. 8A control circuitry 32 including several MOS
transistors 70a-70c are formed at the surface of a silicon
substrate 54. The MOS transistors 70a-70¢ include source,
drain and gate regions. Field 1solation regions 72a, 726 are
formed to reduce parasitic field effects between neighboring
transistor regions. While field 1solation regions 72a, 725 are
shown as LOCOS structures, other known structures may be
used including 1solation trenches or any other suitable 1sola-
tion structures. Methods of processing control circuitry ele-
ments like MOS transistors are well known by those of skill in
the art and are not detailed here.

In FIG. 8B a premetal dielectric layer 74, for example of
silicon oxide, 1s formed over the silicon substrate 54 and the
control circuitry 32. In practice the premetal dielectric layer
74 may contain multiple layers of dielectric materials includ-
ing various silicon oxide layers, nitride layers, and planariz-
ing layers. In a preferred embodiment the premetal dielectric
layer 74 contains at least one layer of generally thermal 1nsu-
lator. For example, 1n one embodiment, a layer of silicon
dioxide 1s present in the premetal dielectric while 1n other
embodiments a nanoporous material or an aerogel 1s present.
Silicon dioxide has a low thermal conductivity (about 1 W/m/
K) and thus serves to ihibit heat transfer from structures
above the premetal dielectric layer 74 to the transistors 70a-
70c below the premetal dielectric layer 74. Aerogels and
nanoporous layers are also good thermal 1nsulators.

Often times 1t 1s advantageous to include in premetal
dielectric layer 74 of one or more low-k dielectric layers to
reduce capacitance between metal interconnections above
and transistor structures 70a-70c below. The formation of
premetal dielectric layers 1s well known in the art and 1s not
turther detailed here.

Plugs 76a, 76b are formed by appropriate etch and {ill
techniques well known 1n the art. For example, tungsten plugs
may be formed. A metal one layer 80 (M1) 1s then deposited
over the dielectric 74. Metal one 1s typically Al, but also may
be Cu or any other suitable material. A thin anti-reflection
metal layer 82 of TiN 1s formed on top of 80. In FIG. 8C layers
80, and 82 are etched leaving metal tracks 84a-844.

In practice the formation of plugs 76a, 765, and metal
tracks 84a-84d may be done differently than shown in FIGS.
8A-8C. Plugs 76a, 766 may have a thin barrier layer of Ti
and/or TiN lining the walls of the plugs. The plugs may be
filled with W and planarized to be even with a top surface of
74. A thin layer of T1W or TiN may then be deposited over the
surface of layer 74 prior to depositing Al layer 80. The thin
T1W, TiN or other metal sublayers are not shown 1n detail
because they are conventional. Any one of the many conven-
tional methods and materials for forming metal interconnec-
tion lines, plugs, vias, barrier layers, and other conducting
structures may be used. Such methods and maternials are well
known to those of skill 1n the art and will not be detailed here.

In FIG. 8D adjustable resistor 34 1s formed by a thin film
deposition of a resistive metal or other resistive material. In a
preferred embodiment the adjustable thin film resistor 34 1s
formed by a blanket physical vapor deposition (PVD) pro-
cess, for example sputtering. However, other processes are
available for forming the thin film resistor including evapo-
ration and other suitable thin film processes. The resistor
layer 34 1s then patterned and etched to the desired shape for
cach resistor. The adjustable thin film resistor 34 1s formed
with a portion on the premetal dielectric layer 74 and a portion
contacting one or more metal tracks 84a-84d.
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Numerous resistive materials may be utilized to form the
adjustable resistor 34, including, but not limited to, metallic
films like chromium silicon, nickel chromimum, tantalum
nitride, tantalum aluminum, and titanium nitride. These mate-
rials have better performance than conventional polysilicon
resistors because they can form a wide range of sheet resis-
tances, they have good tolerance, are easily reproducible,
have low temperature coetlicients of resistance, linear behav-
ior, and low parasitic capacitance values. In a preferred
embodiment the thin film resistor 34 1s formed of chromium
silicon between 5 and 15 nm thick. The thin film resistor 34
may comprise a single layer of chromium silicon or multiple
layers of chromium silicon having differing concentrations of
s1licon.

Pure silicon may also be used for the resistor 34. For
example, the silicon can be polysilicon, an amorphous sili-
con, or other form of silicon as deposited.

In one embodiment the adjustable resistor 34 has a low
temperature coeflicient of resistance over the range of tem-
peratures at which the integrated circuit 1s likely to operate but
may undergo a change in resistance 11 subjected to tempera-
tures much higher than a normal operating temperature as
described above. This change 1n resistance will be a perma-
nent or semi-permanent change because upon cooling the
resistor after a heating cycle, the resistance will be a new
value and semi-permanent change because the resistance 1s
altered from the value of resistance prior to the heating cycle.
The resistance of the adjustable resistor 34 may again be
altered again by subjecting the adjustable resistor 34 to higher
than normal temperatures again. This phenomenon is to be
distinguished from the phenomenon 1n which the resistance
of most substances varies with temperature, but generally
always returns to a same value for a same temperature. The
particular materials for the resistor 34 are described 1n more
detail elsewhere herein. Following 1s a brief summary of one
embodiment.

In one embodiment, a layer of chromium silicon alloy 1s
used for the adjustable resistor 34. The resistivity, measured
as sheet resistance, of the chromium silicon varies based on
the percentage of silicon 1n the chromium silicon alloy. In a
preferred embodiment the adjustable resistor 34 1s about 40%
s1licon and has a sheet resistance of 10 k€2/sq for a thickness
of 15 nm. An adjustable resistor 34 of 10 sq has a resistance of
about 100 k€2 1n the unaltered state. Since the size 1n squares
1s not a term of absolute size, but of proportion of the width
and length of the resistor, the size of the adjustable resistor
can be scaled to a desired value.

In a preferred embodiment the chromium silicon thin film
adjustable resistor 34 has a temperature coellicient of resis-
tance that 1s very small, 1n one case substantially 0%/° C. over
a temperature range of normal itegrated circuit operation of
0° C. to 100° C. The temperature coelficient of resistance
describes the percentage change in resistance per degree
change 1n temperature. A smaller temperature coellicient of
resistance means that the resistance changes very little with
changes 1n temperature. The temperature coellicient of resis-
tance ol a chromium silicon thin film can be adjusted by
altering the percentage of silicon in the chromium silicon
alloy and by forming the adjustable resistor 34 from multiple
layers of chromium silicon. Thus advantageously, the resis-
tance of the adjustable resistor 34 changes very little with
temperature 1n the normal operating temperature range, but
can be permanently or semi-permanently altered by raising
the temperature of the adjustable resistor 34 substantially
higher than the normal operating temperature then cooling it
again.
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In one embodiment the chromium silicon undergoes a
semi-permanent change in resistance when subjected to tem-
peratures higher than 4350° C. for the duration of 1 ms. The
change 1n resistance 1s proportional to the magnitude of the
temperature and duration for which the resistor 1s subjected to
the temperature. In one embodiment the resistance of the
chromium silicon thin film resistor 34 decreases when sub-
jected to a heating cycle, as will be detailed later herein. In
other embodiments the resistance of the chromium silicon
resistor 34 increases when subjected to a heating cycle as will
be detailed later herein.

The formation of thin film resistors, and in particular the
formation of thin film chromium silicon resistors with low
temperature coelficients of resistance and selected sheet
resistances, 1s detailed m U.S. patent application Ser. Nos.
12/862,589, 12/862,594, 12/862,599 all of which are hereby
incorporated by reference in their entireties. Processes for
altering the resistance of thin film resistors by heating cycles
are detailed in U.S. patent application Ser. No. 12/562,026
published as U.S. Patent Publication No. 2010-073122 Al,
which i1s hereby incorporated by reference 1n 1ts entirety.

A separation layer 88 of thermally conductive but electri-
cally insulating material 1s conformally deposited over the
exposed portions of the premetal dielectric 74, the conductive
tracks 84a-84d, and the adjustable resistor 34. In a preferred
embodiment layer 88 1s silicon nitride having a thickness of
about 100 nm and a thermal conductivity of approximately 20
W/m/K. In one embodiment layer 88 1s a layer of silicon
carbide having a thermal conductivity of 150 W/m/K.

In an alternative embodiment, after forming plugs 76a, 765
and prior to forming metal tracks 84a-84d, a layer of silicon
carbide (not shown 1n FIG. 8D) 1s formed overlying the pre-
metal dielectric 74. The metal tracks 84a-84d and the adjust-
able resistor 34 are then formed on the silicon carbide layer.

In FIG. 8E the separation layer 88 1s etched to expose an
upper surface ol metal track 845. Heating element 33 is then
tformed by depositing a thin film layer of heater material over
the separation layer 88 and the exposed portion of metal track
84b. The heater material 1s etched to leave the heating element
33 as shown 1n FIG. 8E.

The material of the heating element 33 1s generally differ-
ent from the resistive material of the adjustable resistor 34.
The material of the heating element 33 i1s selected to generate
a large amount of heat when a current passes through it.
Because the heating element 33 will generate and be subject
to large amounts of heat, the resistive material of the heating
clement 33 15 selected to be able to withstand high tempera-
tures and stresses. Therefore in a preferred embodiment the
heating element 33 1s arefractory metal able to withstand high
temperatures and currents without degrading. Refractory
metals are able to sustain in a controlled manner a high
temperature during heating. Furthermore, refractory metals
are 1n general resistant to electro-migration of atoms when
high currents pass through them. In a preferred embodiment
the refractory metal 1s deposited by a PVD process such as
sputtering or evaporation. Other suitable thin film techniques
may also be used to form the heating element 33.

In a preferred embodiment the thin film heating element 33
1s formed from a TaAl thin film. The thickness of the TaAl thin
f1lm heating element 33 1s about 25 nm. The TaAl thin film
heating element 33 has a sheet resistance of about 100 £2/sq
for a total resistance of about 500 €2 (thus 1t 1s five squares).
The material of the thin film heating element 33 may be
selected from other refractory metals including but not lim-
ited to TaSiN, TaN, and W.

A dielectric layer 90 1s then deposited over the heating
clement 33 and the separation layer 88. In a preferred embodi-
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ment the dielectric layer 90 1s selected to have a low thermal
conductivity so that heat from the heating element 33 1s not
casily transierred to structures above the heating element 33.
In a preferred embodiment the dielectric layer 90 1s a silicon
oxide layer having a thermal conductivity of about 1 W/m/K.
Other suitable materials may be used for the dielectric layer
90.

When the heating element 33 becomes hot, the separation
layer 88 conducts heat from the heating element 33 to the
adjustable resistor 34. For this reason the separation layer 88
1s formed of a dielectric matenal selected to have high ther-
mal conductivity. Because the separation layer 88 1s thin and
conducts heat very well, heat can be efficiently conducted
from the heating element 33 to the adjustable resistor 34. In
one embodiment, dielectric layers of the dielectric stack 56
that are not intended to thermally couple an adjustable resis-
tor 34 to a heating element 33 are formed of dielectric mate-
rials having low thermal conductivity.

The embodiments described in relation to FIGS. 8A-8E are
merely exemplary and can be modified in many ways. In
practice there can be more or fewer process steps and many
other materials can be used to implement an integrated circuit
30 according to embodiments of the imnvention 1n light of the
present disclosure. For example, in FIGS. 8 A-8E, only a part
of the resistor 34 and heater 33 are shown, for ease of refer-
ence. As will be appreciated, each of these have a second
clectrical terminal besides the one shown for each of them so
that they conduct current. They are coupled to the appropriate
control circuitry as well.

In one embodiment an adjustable resistor 34 and a heating,
clement 33 as disclosed 1n FIGS. 8A-8E comprise one
memory cell 40 of a memory array 36. An array 36 of memory
cells 40, as disclosed 1n FIG. 3, can be implemented accord-
ing to one embodiment by forming a plurality of pairs of
heating elements 33 and adjustable resistors 34 in rows and
columns. It 1s advantageous to form the array 36 at about a
same level as one of the metal levels at which metal intercon-
nections are formed 1n the dielectric stack 56 because this
permits the bitlines, wordlines, and other connections to the
memory array 36 to be formed at the same time as the metal
interconnections of the metal level at which the array 36 1s
formed. This advantageously cuts down on processing steps.

In other embodiments 1t may be advantageous to not form
amemory array 36 atthe metal one (M1) level of the dielectric
stack 56 because 1t 1s possible that conducting lines that
connect memory cells 40 to address circuitry 38 or control
circuitry 32 may then need to be formed at the surface of the
semiconductor substrate 54, using valuable surface area of
the substrate 54. But rather the memory array 36 could be
implemented at any other metal level of the dielectric stack 56
having n metal interconnect layers. In one embodiment it 1s
advantageous to implement a first array of memory cells 36 at
the level of metal two (M2).

FIG. 9 illustrates an integrated circuit having at least three
metal layers according to one embodiment of the invention.
Multiple memory arrays 36 are formed in the dielectric stack
56. F1G. 9 shows one memory cell 40a of amemory array 36a
implemented at a level of the dielectric stack 56 at about metal
layer M2 and one memory cell 406 of a memory array 365
implemented at a level of the dielectric stack at about to metal
layer M3, above metal layer M2. The memory cells 40a, 4056
may be substantially identical to those disclosed in FIGS.
8A-8E, but implemented at higher levels of the dielectric
stack 56. The process for forming memory cells 40a, 406 may
be substantially the same as for forming the heating element
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33 and adjustable resistor 34 in FIG. 8 A-8E, but performed at
a later stage of the processing of the integrated circuit 30.
Different from FIGS. 8A-8E.

FIG. 9 shows that adjustable resistor 34a 1s formed on a
specifically selected dielectric layer 92a, for example of sili-
con carbide or silicon oxide. An additional layer 78 of TiN,
T1W or other metal 1s also shown as part of the M1 layer stack.
Dielectric layer 92a 1s formed on first inter-level dielectric
layer 90. Adjustable resistor 34b 1s formed on dielectric layer
92bH. Dielectric layer 926 1s formed on second inter-level
dielectric layer 93 and 1s, for example silicon carbide or
silicon oxide. Third inter-level dielectric layer 95 1s formed
above heating element 335. In a preferred embodiment inter-
level dielectric layers 90, 93, 95 are selected from matenals
having low thermal conductivity, for example silicon oxide.
This helps to inhibit undesirable heat transier from a heater
33a or 335H to adjustable resistors, transistors, or metal layers
above or below. Inter-level dielectric layers 90, 93, 95 may
cach be a single layer, for example an oxide layer, but 1n
practice they each may include additional dielectric layers
including oxide layers, nitride layers, oxynitride layers, sili-
con carbide layers, TEOS, planarnizing layers, low k dielectric
layers, or other dielectric layers.

While the memory cell 405 has been shown to be formed
directly above the memory cell 40q, 1n practice the memory
cells 40a, 406 will be offset laterally from each other to
turther increase the distance between the cells and inhibit one
memory cell from erroneously writing another. Thus 1t may
be advantageous to laterally offset the memory cells in one
array irom another directly above or below 1t 1n order to
ensure that no heating element 33 of one memory cell 40 can
erroneously heat an adjustable resistor 34 of another cell
enough to alter the resistance of the adjustable resistor 34 of
the other memory cell 40.

FIG. 10A 1s layout view of an adjustable resistor 34 and a
heating element 33 according to one embodiment. FIG. 10A
illustrates the simplicity with which a single memory cell 40
can be realized according to one embodiment of the mnven-
tion. A memory cell 40 consists of a single thin film adjustable
resistor 34 and a single thin film heating element 33 each
contacting respective metal interconnections 84e-84/. Con-
tacts 96a, 965 represent regions where the heater 33 contacts
interconnection lines 84e-84f. At 97a, 975 the resistor 34
clectrically connects to metal 84/, no via 1s needed because 1t
1s formed directly on the metal layer. Because the thin films
33, 34 are so thin, they can be formed at practically the same
level as the metal interconnections 84¢-84/ to which they are
connected. This eliminates the need for forming deep vias and
plugs between the thin films 33, 34 and the metal 1ntercon-
nections 84e¢-84/. Rather, the thin films 33, 34 can directly
contact the metal interconnections 84¢-84/.

FIG. 10B 1s a cross section of FIG. 10A taken through line
10B-10B. In FIG. 10B heating element 33 overlies a portion
ol adjustable resistor 34 with separation layer 88 between
heating element 33 and adjustable resistor 34. Only a small
portion of heating element 33 1s directly above the adjustable
resistor 34. This allows for a more easily controlled heat
transfer and helps prevent the possibility that the heating
clement 33 overheats the adjustable resistor 34 and destroys
it. Adjustable resistor 34 1s formed on dielectric layer 92.
Dielectric layer 92 1s for example silicon carbide, or a very
dense format of silicon oxide. Adjustable resistor 34 extends
lengthwise into the plane of FIG. 10B. Heating element 33
contacts metal tracks 84f, 84¢ at contact regions 96a, 965
respectively. Inter-level dielectric layers 93, 95 overly heating,
clement 33 and may be of any suitable dielectric material as
previously discussed.
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FIG. 100 shows a cross section of the memory cell 40 of
FIG. 10A taken along line 10C-100 and 1s perpendicular to

the cross section shown 1n FI1G. 10B. In this figure the heating,
clement 33 extends lengthwise into the page. Adjustable
resistor 34 contacts metal tracks 84¢g, 84/ at contact points
97a, 97b respectively.

FIG. 10D 1illustrates an alternative embodiment for the
heating element 33. In the alternative embodiment, the vias
96a, 96b are enlarged to provide increased surface area for

having a low resistance electrical contact between the metal
lines 84¢, 84f and the heating element 33. This reduces the
amount of heat that will be generated at the interface between
the metal layer and the heater. The heating element has a large
surface area at the region where it electrically connects to the
metal lines and adjacent thereto. In a region 99 which 1s
positioned over the adjustable resistor 34, the heating element
33 has a substantially narrowed region. The narrowed region
99 will have a much higher current density than the wider
region ol the heater 33. Accordingly, the region 99 will reach
a high temperature much more quickly and with less overall
current. The enlarged portions of region 33 will remain rela-
tively cool, and below 400° C. while the narrowed region 99
will rapidly reach the high temperature needed 1n order to
alter the resistance of the adjustable resistor 34. The structure
of FIG. 10D increases the life of the circuit and enhances the
reliability of the electrical connection between the heating
layer 33 and the metal layers 84e and 84f to which 1t 1s
coupled. Since a more narrow region of the adjustable resistor
34 i1s being aflected by the heating resistor, the range of
different resistances over which data may be reliably stored
may be somewhat less than that which would be available 1T a
wider zone of adjustable resistor 34 were having 1ts resistance
altered. This can be modified by increasing the area of the
neck 99 to substantially cover a majority of the adjustable
region 34 while at the same time enlarging even greater the
clectrical contact regions 96a and 965, potentially being sub-
stantially larger than the area of adjustable resistor 34. In
addition, the region 99 can be a serpentine shape of the type
disclosed in U.S. Patent Publication No. 2010/0073122, FIG.
13, having the contacts enlarged and the cross-sectional area
of the heater much larger closely adjacent its contacts so that
the contact region 1tself 1s not heated to as high a temperature
as that portion of the heater which 1s directly over the adjust-
able resistor 34.

FIG. 11 1s a layout of a portion of a memory array 36
according to one embodiment of the mnvention. Two memory
cells 40e, 40f are shown. The adjustable resistor 34e and
heating element 33e¢ o memory cell 40e are both connected to
a first bitline b1. Adjustable resistor 34f and heating element
33/ are both connected to a second bitline b2. The adjustable
resistors 34e, 34f are both connected to a first wordline wl.
The heating elements 33e, 33/ are both connected to a first
heater line hl. Memory cells 40¢, 40f therefore liec on a same
row of memory cells 1n a memory array 36. A heater line hl
enables a write current to pass through one or both of heating
clements 33¢, 33/ during a write cycle. During a write cycle a
voltage difference can be generated between heater line hl
and the bitline selected for the write cycle. In this example
bitline b1 1s selected for the write cycle and the bitline 1s taken
to ground. The voltage difference between hl and bl will
cause a large current to flow through the heating element 33e
and generates heat. Adjustable resistor 34e 1s heated, causing
it to undergo a structural change that will alter its resistance as
described above. In practice, both b1 and b2 could be selected
at the same time in order to simultaneously write data to
adjustable resistors 34e and 34/,
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The value on the bitlines does not need to ground for both
bitlines. It 1s possible for bitline b1 to go to ground and bitline
b2 to go to a mid level voltage, thus heating the resistors to a
different temperature and storing different data in the respec-
tive memory cells on the same write cycle. FIG. 12 1s a partial
circuit diagram of memory cells 40e, 40f and 1llustrates a
process for writing data to memory cell 40f while leaving
memory cell 40e unprogrammed according to one embodi-
ment of the invention. To program memory cell 407, bitline b2
1s connected to ground via switch 47, bitline bl leit open by
leaving 1ts switch 47 open and wordline switch 49 1s also open
so as to not recerve a current. The heater line hl 1s brought
high to Vcc (for example SV) for about 10 ms by applying a
high pulse slightly above Vcc to a gate of switch s1. During
this 10 ms pulse, a 10 mA current flows through heating
clement 33/ causing 1t to generate heat. This heat 1s conducted
to adjustable resistor 34f causing the temperature of adjust-
able resistor 34/ to increase to about 500° C. The high tem-
perature of the adjustable resistor 34f causes the resistance of
the adjustable resistor 34 to be permanently or semi-perma-
nently altered. When the adjustable resistor 34 1s cooled, the
resistance of the adjustable resistor 34 has decreased from an
original value of 100 k€2 to an adjusted value of 70 k€2. In
other embodiments of the invention, a programming
sequence may icrease the resistance of an adjustable resistor
34. The values of resistance and temperature are given only by
way ol non-limiting example, other values could also be used.
In the embodiment of FIG. 10, only a very small leakage
current has flowed through heating element 33e, thus leaving
adjustable resistor 34e unprogrammed. The small current 1s
due to the fact that some current may tlow from hl (at Vcc)
through 33e, 34e, and 34f to bl (at GND). The current 1s
however very small due to the large resistances of adjustable
resistances 34e, 34f, therelore heating element 33e does not
generate enough heat to program adjustable resistor 34e.

FIG. 13 15 a partial circuit diagram 1llustrating one possible
process for reading from memory cell 34/ according to one
embodiment of the mvention. Bitline b2 1s grounded and
wordline wl 1s brought high via either switch 49 or 53,
causing a current to tlow through adjustable resistor 34f. The
current through 34/ 1s mnput to a current comparator 98. The
current comparator 98 compares the current through adjust-
able resistor 34f to a control current through an unpro-
grammed reference resistor 99. The comparator 98 then out-
puts a voltage Vout indicative of the value stored in the
memory cell 40/, The heater switch 51 1s left open. Many
other schemes for reading and programming memory cells 40
are possible and will be apparent to those of skill 1n the art in
light of the present disclosure.

FIG. 14 1s a partial circuit diagram of an array 36 of
memory cells 40, ,-40,, , arranged in n rows and m columns.
Bitlines b, through b_ are disposed along the columns of
memory cells. Each bitline 1s connected to all of the memory
cells 40 of a given column. For example, bitline bl 1s con-
nected to all of the memory cells 40, ;-40,, , 1n the first col-
umn of memory cells. In particular, bitline b1 1s connected to
the respective heating element 33 and adjustable resistor 34 of
cach memory cell 40 1n column 1.

A plurality of heater lines h1-hn each connect to all of the
heating elements 33 ol respective row of memory cells 40. For
example, heater line hl connects to heating elements 33 of the
memory cells 40, ,-40,  1n the first row of memory cells. As
discussed previously, the heater lines hl-hn, 1n connection
with bitlines b1-bm allow for programming individual ones
of the memory cells 40 or a group of memory cells.

A plurality of wordlines wl-wn connect to all of the adjust-
able resistors 34 1n a same row. For example, wordline wl
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connects to all adjustable resistors 34 of the memory cells
40, ,-40,  1n the first row of memory cells. As discussed
previously, the wordlines, 1n connection with the bitlines,
allow for the reading of the memory cells 40. In one embodi-
ment separate bitlines are provided for the heaters and resis-
tors 1n each memory cell. This provides increased electrical
isolation of the heaters 33 and resistors 33 and also control
over certain aspects of their operation by consuming more
area. Either the single bitline per memory cell or the double
bitline per memory cell may be used, depending on size
limitations and design goals.

In one embodiment address circuitry 38 including switches
47,49, 51, and 53 for selecting particular memory cells 40 for
read and write operations 1s located at the surface of the
semiconductor substrate 54. Address circuitry 58 1s config-
ured to connect wordlines, bitlines, and heater lines to
selected voltages for performing read and write operations.

The memory array 36 of FIG. 14 1llustrates a particularly
advantageous feature of one embodiment of the ivention.
Traditional EPROM, EEPROM, and FLASH memory cells
all utilize at least one transistor with a tfloating gate for storing
data. Each memory cell of a traditional EPROM, EEPROM,
or flash memory cell also includes one or more access tran-
s1stors 1n addition to the tloating gate transistor. The embodi-
ment of FIG. 14 not only eliminates the floating gate transis-
tor, but also access transistors 1n individual cells. Access
transistors for disconnecting or connecting bitlines, word-
lines, or heater lines to appropriate supply voltages may be
present at the substrate and may consist of one or more tran-
sistors per line. But 1t 1s not necessary to form separate tran-
sistors for each memory cell 40. This permits the entire
memory array of FIG. 14 to be formed spaced away from the
surface of the semiconductor substrate, for example at ametal
interconnection level. Real estate at the surface of the semi-
conductor substrate 1s then freed to allow greater circuit com-
plexity for control circuitry 32 1f desired, or to reduce the area
of the mtegrated circuit 30 altogether.

In one embodiment a write cycle consists of a 10 ms current
pulse delivered to a heating element 33. In terms of typical
write speeds for prior forms of memory, 10 ms 1s quite slow
and thus programming of the array 36 may take longer than
prior memories. However, an advantage of the present
memory array 36 1s that the memory can be read very quickly.
When a floating gate memory cell of a traditional memory
array 1s read, the read speed 1s limited 1n part by the time
required to switch the gate of the floating gate transistor and
the access transistors of each memory cell to a conducting,
state. In an adjustable resistor memory array 36 according to
one embodiment of the present invention a memory cell 40
can be read very rapidly since only the value of a passive
clement, a resistor, 1s sensed in the memory cell 40. In an
embodiment where the memory array 1s preprogrammed and/
or one-time programmable, the relatively long programming
cycle 1s not problematic and the overall invention 1s beneficial
in view ol the high speed of subsequent read cycles, of which
there will be many 1n the lifetime of an integrated circuit 30.
Furthermore, 1n other embodiments it 1s possible to reduce the
write time to less than 1 ps. During a write cycle, the adjust-
able resistor 34 reaches a temperature of about 360° C. 1n
about 50ns, and reaches 500° C. in about ~1 ms. Thus as write
temperatures decrease, much lower write times can be
achieved.

Furthermore, an integrated circuit can contain multiple
memory arrays 36 formed at different levels of the dielectric
stack 56 of the integrated circuit 30. A typical integrated
circuit 30 using a five metal process could incorporate five
arrays 36 of memory cells 40 above the substrate 34 1n the
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dielectric stack 56 according to one embodiment. However,
as described above, 1n a preferred embodiment there 1s not an
array 36 of memory cells 40 at the level of metal one.

FIG. 15 1s a cross section of a portion of adjustable resistor
34 according to one embodiment of the invention. The dual
thin film adjustable resistor 34 may be formed in substantially
the same manner as described 1n relation to FIGS. 8 A-8E. but
the deposition takes place 1n two phases. The adjustable resis-
tor 34 1s a dual layer of chromium silicon deposited then
ctched to leave the adjustable resistor 34 1n the desired final
form. To form the dual layer chromium silicon adjustable
resistor 34 of FIG. 15, a first chromium silicon layer 100 1s
formed on dielectric layer 90 of S10,. The first layer 100 1s
tformed by PVD, for example by sputtering a target compris-
ing 45% S1, 20% CrB,, and 35% S1C by weight. The first layer
100 1s about 10 nm thick and comprises about 45% S1 and
20% Cr. The remaining 33% can be composed of Boron,
Carbon, or other elements. A second chromium silicon layer
102 1s then formed on top of the first layer 100 by a second

PVD process, for example by sputtering a target material
comprising 10% S1, 85% CrB,, and 5% S1C. The layer will

therefore be 10% S1, about 80-85% Cr and the remainder a
combination of B and C. The second chromium silicon layer
102 1s for example about 5 nm thick. A process for forming
these layers 1s described in atorementioned pending U.S.
patent application Nos. having Ser. Nos. 12/862,589, 12,862,
594, and 12/862,599.

FIG. 16 15 a curve showing the change 1n resistance 1n the
dual thin film adjustable resistor 34 of FIG. 15 as more heat 1s
applied to the resistor 34. It can be seen from this curve that as
the adjustable resistor 34 1s subjected to higher temperatures,
the resistivity of the adjustable resistor 34 drops. After apply-
ing heat to the adjustable resistor 34 to drop the resistance, the
resistance of the adjustable resistor 34 can be further lowered
by applying heat a second time to the adjustable resistor 34.
The heat can be applied in one continuous time or in stages,
over subsequent steps. However, each drop 1n resistance is
irreversible. In other words, after the resistance has been
lowered, 1t cannot be raised again, 1t can only be lowered
further. Advantageously, the resistance of the adjustable
resistor 34 can be altered very precisely 1n small increments.
For example changes as small as 1% of the total resistance can
be reliably achieved by performing shorter programming
cycles. In one embodiment the maximum change 1n resis-
tance of the resistor 1s about 30-50% of the original value
before the resistor 1s destroyed. Thus 1T too much heat 1s
applied for too long the adjustable resistor 34 will be
destroyed.

From the discussion above 1t can be seen that 1t 1s possible
to store more than one bit of data 1n a single adjustable resistor
34. It 1s possible to reliably lower the resistance of the adjust-
able resistor 34 1n increments as small as 1% by properly
selecting the amount of current to apply to the thin film
heating element 33 and by selecting the proper duration to
apply the current.

FIG. 17 1llustrates an embodiment in which the adjustable
resistor 34 forms a two bit memory cell. The resistance varia-
tion line 121 has been simplified to be shown as a straight line
of constant slope for ease of reference. In the unwritten state
the resistance has not been altered and this level of resistance
corresponds to data value 00 being stored in the thin film
resistor 34. By applying a current I1 to the heating element 33,
the adjustable resistor 34 1s heated and the resistance lowered
to the level corresponding to data O1. By subsequently apply-
ing current 12 (or by applying 12 during the first write cycle),
the resistance 1s lowered to the level corresponding to data 10.
By subsequently applying current 13 (or by applying 13 for the
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first or second write cycle) the resistance 1s lowered to the
level corresponding to data value 11. In this way a single
adjustable resistor 34 can store two bits of data, thus doubling
the memory capacity of an array 36 of adjustable resistors 34.

Horizontal dotted lines 1llustrate the ranges over which the
resistance will be read as a particular value. For example, an
adjustable resistor 34 having resistance 1n the range of R,
will be read as having value 01. An adjustable resistor 34
having resistance in the range R, , will be read as having data
value 10, and so forth. A resistance having current I1, cen-
tered 1n the middle of range R, 1s preferred, but any current
within the range of R, that may deviate by some amount
from central current 11 will still be read as 01 1n value. This
illustrates the need for the ability to reliably alter the resis-
tance of the adjustable resistors 34 1n precise increments. The
more precisely the adjustable resistors 34 can be altered, the
more bits of data can be stored 1n the adjustable resistors 34.
For proper function of the memory array 36, the number of
bits stored 1n each adjustable resistor 34 should be chosen so
that the likely range of resistance that will result from a
particular write cycle will not overlap with the likely range of
resistance from either of the next lowest or next highest data
values. Those of skill in the art will see that many schemes for
reading and assigning values to the resistance levels are pos-
sible 1n light of the present disclosure.

The number of bits that can be stored in each adjustable
resistor 34 1s not limited to two. But rather 1s based partly on
the smallest increment by which an adjustable resistor 34 can
reliably be altered and read. As mentioned above, the adjust-
able resistor 34 of FIG. 15 can be reliably reduced in steps of
1% of the initial resistance. FIG. 18 1llustrates an embodiment
in which each adjustable resistor 34 can store four bits. By
lowering the resistance 1n steps of 1% or 2%, 1t 1s possible to
reliably write and distinguish 16 or more different states of
adjustable resistor 34 before the adjustable resistor 34 1is
destroyed by altering the resistance more than 30% from the
original value. In FIG. 18, the value 0001 represents the
mimmum heat used to modity the thin film resistivity. Apply-
ing the smallest programming value of energy to the heating
clement 33 will lower the resistance of the adjustable resistor
34 to aresistance corresponding to data value 0001. Applying
other current levels will allow for programming the adjust-
able resistor with any value up to 1111.

Because each writing process 1s irreversible, the adjustable
resistor 34 of FIGS. 15-18 can be used 1n security memories
in which 1t 1s desirable for the state of memory cells to not be
resettable. Reapplying a previous current value will not reset
the value of the memory cell. This can be advantageous for
devices like smart cards or other RF devices that will store
values 1n memory that represent the amount of money or
credits leit on a card. The inability to reset the memory makes
the device secure from many types of fraud.

FIG. 19 1s a phase diagram that 1llustrates the mechanism
believed responsible for the change in resistance in the dual
film silicon chromium resistor illustrated in FIG. 15. The
horizontal axis of the diagram represents increasing molar
concentration of silicon (S1/(S1+Cr)). The vertical axis repre-
sents the temperature of the composition. When the tempera-
ture of the adjustable resistor 34 1s raised to between 4350 and
850° C., separation layer 88 acts as a source layer of silicon
for the chromium rich upper layer 102. Silicon atoms from
layer 88 migrate to layer 102 and the overall concentration of
silicon 1n the layer 102 increases. Additionally, S10,C layer
92 acts as a source of silicon atoms for silicon rich layer 100.
When the temperature of the adjustable resistor 34 1s raised to
between 450 and 850° C. silicon atoms from layer 90 migrate
to layer 100 and the overall concentration of silicon 1n the
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layer 102 increases. This increase 1n S1 concentration leads to
a change 1n the resistance of the adjustable resistor 34.

The change in resistance 1s believed to have happened 1n
part because the change 1in concentration of certain silicon
chromium compounds changes. Because the silicon chro-
mium adjustable resistor 34 1s deposited by PVD, multiple
silicon/chromium compounds (Cr, Cr,S1, Cr;S1,, CrS1, CrSi,,
S1) are present 1n the thin film 1 varying concentrations
depending on the initial concentrations of silicon and chro-
mium 1n the PVD process. As heat 1s applied and more silicon
atoms are added to the thin film, fewer chromium-heavy
compounds are found and more silicon-heavy compounds are
found. This leads to a change 1n the sheet resistance of the thin
film adjustable resistor 34. There may be other or even dii-
ferent mechanisms at work to cause the resistance in the
resistor 34 to be permanently altered based on the amount of
heat applied to the resistor. Other chemical combinations and
modifications may be happening for example new combina-
tions of Cr atoms or other activities which will affect the
resistance varations while the inventors continue to 1mvesti-
gate these mechanisms and the reasons for the changes, yet
the specific examples given for FIGS. 15-18 are examples of
combinations that have been found workable.

FIG. 20 1llustrates a thin film adjustable resistor 34 accord-
ing to a different embodiment of the mvention. In this
embodiment the thin film resistor 34 1s made from a single
layer 110 of chromium silicon. The single film 1s 5-15 nm
thick and 1s made by PVD of a target material having 45% Si,
20% chromium boride, and 35% silicon carbide by weight.
This single layer performs quite differently from the dual
layer of FIG. 15.

FIG. 21 shows a curve of the change 1n resistance of an
adjustable resistor 34 based on the single layer of FIG. 20. It
can be seen from this curve 125 that the resistance of the
adjustable resistor 34 first lowers as the level of heat
increases, then begins to rise. Such a thin film resistor 34 can
act as a memory cell which can effectively be erased (brought
back to the original state). A step of writing to the thin film
resistor 34 will decrease the resistance as shown 1n the down-
ward slope of the curve and thus program the memory cell. A
subsequent step of erasure could bring the resistance back
near the original value as shown 1n the later upward slope of
the curve. This step of full erasure could only happen one time
per memory cell 1in the case of a 1 bit memory cell. For multi
bit memory cells, the erasure could occur in small increments.

FIG. 22 shows a series of curves (1-5) of the change 1n
resistance of a thin film resistor 34 of FIG. 20 versus the
amplitude of the current in the current pulse used for a write
cycle. Each curve 1-3 1s plotted for a different pulse length.
For example, curve 1 1s a curve of the resistance verses ampli-
tude of the current pulse wherein the current pulse lasts for 0.5
ms. In curve 3 the pulse length 1s 50 ms. Curves 3, 4, 5 each
show a maximum resistance drop of about 4.5 k&2 at the
bottoms of their respective curves. This represents about a
30% drop 1n the resistance at the lowest points of their respec-
tive curves. The tail end of each curve represents the point at
which resistor 34 1s destroyed. The general trend 1s that for
lower current values, a longer pulse 1s required to drop the
resistance a same amount.

The embodiments of the thin film adjustable resistor 34 of
FIGS. 15 and 18 have both shown examples of chromium
silicon adjustable resistors 34. However, many suitable types
of thin film can be used to obtain an adjustable thin film
resistor 34. In one embodiment, adjustable resistor 34 1s a thin
film of pure silicon above a silicon oxide dielectric layer.
When the silicon thin film 1s heated, oxygen from the silicon
oxide layer 1s incorporated into the silicon thin film adjustable
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resistor 34 and the resistance 1s made greater. Thus, the resis-
tance 1n some types of layers may increase by being heated
rather than decrease. Many other types of thin films could be
used to make a memory cell 40 having an adjustable resistor
34.

In one embodiment, shown 1n more detail in FIGS. 24 A-
24B, adjustable resistor 34 1s a thin film resistor 34 formed
with a seed layer directly over 1t or under it, in physical
contact with 1t. The seed layer acts as a source layer of atoms
tor the thin film adjustable resistor 34. When the heating cycle
1s applied to the adjustable resistor 34, atoms from the seed
layer mix with the main layer and cause a change 1n resis-
tance. Many combinations of thin films can satisty this rela-
tionship of a seed layer and a main layer and form an adjust-
able resistor according to one embodiment. Two examples of
such a relationship 1s given 1n FIGS. 15 and 20, but other
embodiments are possible as will now be apparent to those of
skill 1n the art in view of the present disclosure and explained
in more detail with respect to FIGS. 24 A-24C.

In one embodiment, a memory cell 40 does not contain a
heating element 33 that 1s separate from the adjustable resis-
tor 34. In such an embodiment, data 1s written to the adjust-
able resistor 34 by sending a current through the adjustable
resistor 34 1tself to heat the adjustable resistor 34 to the
desired temperature range for the desired duration to alter the
resistance of the adjustable resistor 34. However such an
embodiment 1s not preferred because the large current may
cause electro migration of atoms in the adjustable resistor 34
and cause degradation of the adjustable resistor 34. Further-
more 1t 1s easy for the temperature to go higher than wanted as
the resistance will change based on the temperature effects for
resistor 34 and may destroy the adjustable resistor 34. It 1s
preferred to use a tantalum aluminum heating element 33
because tantalum aluminum 1s a refractory metal which 1s
highly durable and able to withstand high temperatures and
currents.

Because both the adjustable resistor 34 and heating ele-
ment 33 are thin films 1n the dielectric stack, they take up very
little space and are conveniently formed and situated. The
extra heater lines used with a heating element 33 may be
formed at the same time as the metal interconnections, bit-
lines and wordlines.

The adjustable thin film resistor array 36 allows ifor
increased memory density. Because the adjustable resistor 34
and the heating element 33 are thin films, their resistance
varies according to their shape and their sheet resistance. In
one embodiment each memory cell 40 comprises only a thin
f1lm adjustable resistor 34 (10 squares) and a heating element
33 (5 squares). Thus the size of the memory cell can be made
as small as lithography or other machining techniques will
allow. In one embodiment a memory cell 40 can be 1mple-
mented in an area equivalent to about 100xTc? where Tc is the
technology node used for processing the memory array 36.
For example at the 1 um technology node, a memory cell
takes up 100 um~. At the 32 nm node a memory cell takes up
about 0.1 um®. This equates to a density of around 10
Mb/mm~ for single bit memory cells. When multiple arrays
36 are stacked, the density increases by a factor of the number
of arrays 36. The density further increases for the number of
bits each adjustable resistor 34 can store. Very high memory
densities can be achieved.

An array 36 of thin film adjustable resistors 34 1s not
dependent on semiconductor technology. As physical limaits
begin to prevent further scaling of semiconductor devices,
other technologies will be developed. An array 36 of thin film
adjustable resistors 34 can be implemented in technology

-
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36 of thin film adjustable resistors 34 may be implemented on
a sapphire substrate or any other dielectric stack 56.

FIG. 23 shows a block diagram of memory device 118
according to one embodiment of the invention. A plurality of
memory arrays 36 are formed above substrate 120. The arrays
36 can be implemented in or above a substrate 120 of a
standard 1nsulator such as glass, silicon carbide, sapphire, or
other suitable insulators. The arrays 36 can be formed above
the substrate 120 within dielectric layers 1n similar fashion to
that described in relation to FIGS. 8-10. Each memory array
36 includes a plurality of adjustable resistors 34 and metal
interconnect lines. In one embodiment the memory device 1s
packaged and connects to another device by means of a ball
orid array, bonding wires, or any other suitable connection
means.

The first array of adjustable thin film resistors 34 may be
formed on the substrate 120. Metal interconnect lines also
may be formed directly on the substrate 120. The second array
may be formed on a first dielectric layer above the first array.
The third array may be formed on a second dielectric layer
above the second array. Metal vias and contacts may extend
into the substrate below the first array to connect to a ball grid
array, a land grid array, or other suitable electrical connec-

tions on the bottom of the substrate for connection to other
devices.

As illustrated i FI1G. 15 and also 24A-24C, the adjustable
resistor 34 can be composed of two layers adjacent each other
composed of different materials. The resistor 34 can be cus-
tom designed to either increase 1n resistance or decrease in
resistance as 1t 1s programmed to stored data. I1 the layer 100
1s composed of silicon, the seed layer 102 positioned adjacent
the layer 100 can be selected to erther increase the resistance
or decrease the resistance. Examples of each of these will now
be given.

As one example, as shown 1n FIG. 15, the layer 100 can be
a pure silicon layer i any acceptable form, for example
polysilicon, amorphous silicon, or other form. In one embodi-
ment, the silicon layer 100 1s deposited as intrinsic pure
silicon. Intrinsic silicon, with no dopants, or alternatively, 1n
a preferred embodiment, 1s formed 1n the presence of n-type
dopants to have a light dopant concentration of N-type
dopants, for example 5x10"* atoms/cm” as formed in order to
provide a uniform and more predictable resistivity when
originally formed. The layer 102 1s then deposited directly on
top of, and 1n physical contact with, the silicon layer 100. The
clectrical contacts for the resistor 34 are made to the layer 100
which acts as the electrical resistor in the memory circuit.

The layer 102 1s deposited directly on top, and 1n physical
contact with, the layer 100 1n one embodiment. In another
embodiment, i1llustrated 1n FIG. 24B a thin layer of silicon
dioxide 1s formed between the seed layer 102 and the resistive
layer 100 as explained elsewhere herein.

The layer 102 contains seed atoms which may be forced to
migrate into layer 100 i order to modily its electrical resis-
tance. In one embodiment, the seed layer 102 1s an undoped
silicon dioxide layer or other oxygen rich layer. When the
adjustable resistor 34 1s heated, oxygen atoms will migrate
from the layer 102 into the layer 100. At a high temperature,
the silicon film 100 will accept the oxygen atoms which will
interfere with the electrical conductivity of the silicon. The
more oxygen atoms which are present 1n the silicon layer 100,
the higher the resistance. With repeated heating cycles, or
heating for extended periods of time, a large number of oxy-
gen atoms can be driven into the layer 100, greatly increasing
its resistance. In an alternative embodiment, the layer 90,
positioned below the layer 100, may also be a donor of oxy-
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gen atoms 1nto the layer 100 and oxygen migrating from both
sides 1nto the layer 100 can contribute to the change 1n resis-
tance.

In the event that the seed layer 102 1s of the type that will
decrease the resistance of layer 100, it may be composed of a
layer which 1s rich 1n dopant materials known to be dopants
with respect to the silicon. For example, layer 102 can be a
phosphor-rich layer, one example of which 1s a phosphor
silicate glass layer, PSG, having a high concentration of phos-
phorous atoms, for example 20% or higher. When the resistor
34 1s heated, phosphorous atoms from layer 102 will migrate
into the silicon 100 reducing its resistivity. With repeated
heating cycles, additional phosphorous atoms will be driven
into the silicon 100, further reducing its resistivity. In a further
alternative, the layer 102 1s enriched with arsenic atoms
instead of phosphorous atoms. As 1s known, arsenic atoms are
considerably larger phosphorous atoms and do not migrate as
casily from one layer to another. Accordingly, using arsenic-
enriched matenial for layer 102 would be more likely to
ensure that the dopants only migrate when heated and not
during normal operation.

Alternatively, the layer 102 may be a layer which 1s heavy
with boron, such as a BSG layer 1f P-type dopants are desired
instead of N-type dopants. In the event P-type dopant atoms
are desired mstead of N-type dopant atoms, the layer 102 can
be enriched with boron, such as a BSG layer. As with phos-
phorous and arsenic, when the resistive structure 34 1s heated
boron atoms will migrate from the boron-rich layer 102 to the
silicon layer 100, thus reducing 1ts resistivity.

The use of silicon for the resistive layer 100 has the advan-
tage that the resistivity can be varied over a much wider range
than 1s with possible with a silicon chromium material. The
s1licon chromium has the benefit that 1t 1s highly stable during
normal operating conditions and 1ts resistivity can be assured
of remaining a constant for long periods of time, several
decades even when subjected to a wide range of temperatures
from —40° C. to 300° C. One advantage of a S1Cr adjustable
resistor 34 1s that 1t 1s highly stable over a wide temperature
range, but programming can only occur when the resistor 1s
heated to a very high temperature, generally 1n the range of
500° C. or higher. Use of silicon or germanium or other
maternals together with a donor layer adjacent thereto has the
advantage that 1t can be programmed at a lower temperature
range, for example 1n the range of 200° C.

FIGS. 24 A-24C 1llustrate further embodiments. As shown
in FI1G. 24 A, a resistor layer 202 1s electrically coupled to the
terminals to provide a data storage node. A seed layer 204 1s
on top of the resistor layer 202. A large number of different
materials may be used for the resistive film 202. In some
instances, the film 202 may be a semiconductor. The semi-
conductor may be selected from any acceptable group includ-
ing S1, Ge, AlSb, GaAs, GaP, GaSb, InAs, InP, InSb, or any
other number of well known semiconductors. The seed layer
will be appropriately selected based on the desired properties
for programming the resistor. For example, i1f the resistor 1s
(GaAs, then the seed layer may be infused with the appropriate
dopant, whether N- or P-type, for GaAs, for example Sn, Ge,
or S1, or 1n some cases Be. On the other hand, if an indium-
based semiconductor, for example InAs, InP, InSb, then the
appropriate N- or P-type dopants will be placed in the seed
layer. The type of material selected for the resistive layer 202
and the seed layer will be based on the desired stability of the
resistor as well as the ease of programming. For some mate-
rials, such as silicon as the resistive layer and a phosphorous
seed layer, relatively low programming temperatures may be
obtained. However, some additional steps may be needed as
explained herein in order to prevent the resistivity of the layer
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202 from changing when it has not been programmed. In
some applications, a highly stable layer, such as a chromium-
based silicon i1s preferred. The chromium-enriched silicon
layers as resistors have been demonstrated to be highly stable
and have a constant resistance over a wide range of operating
temperatures. Programming requires elevated temperatures,
which in some environments 1s a significant advantage, while
in other applications may be undesired.

The resistor layer 202 may alternatively be a non-semicon-
ductor based material. For example, the resistor layer may be
a carbon based material such as graphite or graphene. In this
case the seed layer 204 may be infused with appropriate
dopants such as B, N or other dopants to alter the resistance of
a carbon based material. Carbon based materials have an
added advantage that 1t 1s possible to alter the resistance at
much lower temperatures, for example temperatures less than
400° C. The heater current 1n such a write cycle 1s on the order
of 10 uA. Furthermore, the resistance of a carbon based
resistor layer 202 can be altered very quickly. It 1s possible to
perform a write cycle 1n less than 1 us. The reduced tempera-
ture of the write cycle coupled with the reduced duration of
the write cycle allows for a significant reduction of power in
performing a write cycle.

FIG. 24B 1llustrates a further alternative embodiment. In
FIG. 24B, the layer 202 1s composed of pure silicon having
little or no dopant as 1mitially formed as an unprogrammed
resistor. The pure silicon layer 1s deposited for example by
PVD. A layer 206 of undoped silicon dioxide, silicon nitride,
or other barrier layer 1s deposited on the silicon layer 202 after
which a dopant-rich layer 204 1s deposited on the silicon
dioxide layer. The dopant-rich layer 204 can be any accept-
able material for holding a high concentration of donor atoms.
For example, it can be another silicon layer heavily doped
with N-type donor atoms such as phosphorous or arsenic, or
P-type donor atoms such as boron. Alternatively, 1t can be
heavily doped silicate glass, either a PSG, ASG, or BSG. The
layer 206 is a relatively thin layer, in the range of 7-20 A. The
layer 206 1s made of a material which under normal operating
conditions will block the easy migration of donor atoms from
the layer 204 into the layer 202. In one embodiment, the layer
206 1s a silicon dioxide layer while 1n another embodiment 1t
1s a silicon nitride layer. Using a heavily doped donor layer
such as a PSG layer having a high concentration of phospho-
rous has the advantage of permitting low temperature for
programming of the resistive layer 202 due to the easy migra-
tion of phosphorous atoms from the seed layer 204 into the
resistive layer 202. In some embodiments, in the seed layer
204 1s 1 physical contact with the resistive layer 202, the
phosphorous atoms may migrate at too low of a temperature
causing a change 1n the resistivity of the layer 202 which has
not been programmed. Accordingly, placing the layer 206 in
between the dopant-enriched seed layer 204 and the resistive
layer 202 will prevent the unwanted migration of the donor
atoms. All migration at temperatures below the programming
temperature, for example below 150° C., will be prevented by
the presence of the thin-barrier layer 206. It the resistor 1s
heated up to a programming temperature, for example 250°
C., then the donor atoms will easily migrate through the thin
barrier 206 and 1nto the resistive layer 202, thus permitting 1t
to be programmed. The barrier layer 206 1s preferably made
extremely thin so as to permit easy passage of the donor atoms
from the seed layer 204 into the resistive layer 202 once an
clevated temperature 1s reached. However, 1t 1s sulficiently
thick and of a material to prevent any unwanted migration
when programming 1s not taking place.

FI1G. 24C 1llustrates yet a further embodiment according to
principles of the present invention. In this embodiment, the
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seed layer 204 1s on both sides of the resistive layer 202. The
seed layer may be directly adjacent the resistive layer 202 as
shown 1 FIG. 24A or have thin barrier layer 206a, 2065
positioned between 1t and the resistive layer 202 depending
on the maternials used.

Depending on the type of atoms which will migrate from
the seed layer 204 to the resistive layer 202, the barrier 206
may or may not be needed. For example, oxygen atoms will
only move at high temperatures and therefore such a barrier
layer 1s not needed. On the other hand, some types of atoms,
such as phosphorous, migrate slowly over time and therefore
a thin barrier layer will be approprnate.

One specific advantage of the present invention 1s that it
can be manufactured on any acceptable substrate 1n very high
densities. As mentioned, the memory can be constructed
using standard semiconductor processing techniques on a
sapphire substrate. Other substrates, such as quartz, high-
density glass, or other materials may also be used. For arrays
manufactured on nonconducting substrates such as sapphire
and quartz, electrical leads to external connections can be
formed using metal deposition and etch technmiques as 1s well
known 1n the art. The leads can provide access to the memory
array so the data can be stored 1n the memory at a program-
ming station and then the memory can be moved and trans-
ported to a number of locations without being coupled to an
external power source. The memory can then be plugged nto
an acceptable port and the data read out. Such a memory has
the distinct advantage of providing long-term storage of the
data with no need for an optical device or a motor to read the
memory. Simple electrical circuits may be used to read the
memory which may be easily constructed at a low cost. The
memory, 1n some instances, can be a fairly simple memory
with only dozens of bits of data, or a much more complex
memory having many gigabits. Since the array 1tself does not
have any semiconductor material, 1n some embodiments it
will be less susceptible to destruction and loss of data than
those memories which include semiconductor substrates or
which rely on the movement of electrons 1n order to store
data. For example, EEPROM, FLLASH, and the like are pro-
grammed by forcing the movement of electrons from one
location to another and a charge 1s held stored on a floating
gate to represent the value of the data. Since the charge 1s
stored as electrons held 1n a certain area, such memories are
susceptible to loss of data 11 there 1s unexpected leakage of the
stored data values as may occur 1f the circuit 1s subjected to
temperatures above anormal operating range or when a radia-
tion particle strikes the memory.

One particular application with the present memory which
has a distinct advantage 1s 1n radiation-hardened memories.
Semiconductor memories frequently experience loss of data
if exposed to radiation, which may include alpha particles,
beta particles, or gamma particles. In the event of a large
explosion, particularly a nuclear explosion, a large amount of
radiation 1s emitted which will destroy exposed active silicon
devices. A memory made according to the principles of the
present mvention 1s a radiation-hardened memory and will
not be susceptible to changing the data value, even if sub-
jected to high amounts of radiation.

In addition, the present memory 1s useful 1n extreme ther-
mal conditions well outside standard industrial temperatures.
The data stored 1n the memory will not be lost due to a wide
range of temperature variations. Current FLASH memories
are very susceptible to loss of data 11 subjected to wide tem-
perature swings. For example, the present memory remains
tully operational and can properly store the data even 11 sub-
jected to temperature ranges from minus 200° C. to 1n excess
of 350° C. Using the principles of the present invention as
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explained herein, a matenial can be selected for the resistor
202 which 1s highly stable 1n storing the data value, even 1f
subjected to harsh conditions such as exposure to wide tem-
perature swings, radiation, salt water, or other environmental
factors which normally destroy electrical circuits.

A Turther advantage of the present invention 1s that the data
can be highly secure and 1s not susceptible to reverse engi-
neering as 1s done 1n the standard ROM. As 1s known, stan-
dard ROM codes can be reverse engineered by visually
ispecting the ROM to determine the value of the data stored,
whether a “1” or a “0.” In the present invention, the resistor
has the same visual and mechanical properties regardless of
the value of the data stored and therefore cannot be easily
reverse engineered. The approprate electronic security codes
can be used to prevent tampering with or obtaining the data
except with the proper authorization.

FIG. 25 1llustrates a memory cell 40 according to one
embodiment. The memory cell 40 includes a first thin film
heating element 334 and a second thin film heating element
33b6. The memory cell 40 also includes a first thin film adjust-
able resistor 34a and a second thin film adjustable resistor
34b. Theresistance of the first thin film adjustable resistor 34a
can be altered by the first thin film heating element 334, as
described previously. The resistance of the second thin film
adjustable resistor 345 can be adjusted by the second thin film
heating element 335. The first thin film heating element 33a 1s
coupled between an erasing heating line h_ and a ground line
g. The second thin film adjustable resistor 336 1s coupled
between a programming heating line h, and a ground line g.
The first thin film adjustable resistor 34a 1s coupled between
the second thin film adjustable resistor 345 and the ground
line g. The second thin film adjustable resistor 345 1s coupled
between the first thin film adjustable resistor 34a and bitline
b. The erasing heating line h_ 1s coupled to voltage source Vcc
by the transistor 51a. The transistor S1a can connect or dis-
connect the heating line h, from voltage Vcc. The program-
ming heating line h,, 1s coupled to the voltage source Vcc by
the transistor 51b. The transistor 315 can connect or discon-
nect the heating line h, from voltage Vcc. The ground line g 1s
coupled to ground through a switch 49. The transistor 49 can
connect or disconnect the ground line g from ground voltage.
A word line w 1s connected between the first thin film adjust-
able resistor 34a and the second thin film adjustable resistor
34bH. A switch 53 couples the word line W to a reading circuit
not shown 1n FIG. 25.

The first thin film adjustable resistor 34a 1s an erasing
adjustable resistor. The second thin film adjustable resistor
34b 1s a programming adjustable resistor. When data 1s to be
written to the memory cell 40, the programming heating line
h,, 1s brought to voltage Vcc by turning on transistor 316. A
current then flows through the second thin film heating ele-
ment 335 and heats the programming adjustable resistor 3456
causing the resistance of the programming adjustable resistor
345 to be altered as described previously.

Prior to programming the memory cell 40, the resistance of
the programming adjustable resistor 345 and the erasing
adjustable resistor 34a are the same. Data 1s written to the
memory cell 40 by altering the resistance of the programming
adjustable resistor 345 so that 1t 1s different from the resis-
tance of the erasing adjustable resistor 34a.

Data can be subsequently erased from the memory cell 40
by connecting the erasing heating line h_ to voltage Vcc by
turning on the transistor 51a. This causes a current to tlow to
the thin film heating element 33a which heats up the erasing
adjustable resistor 34a and alters the resistance of the erasing
adjustable resistor 34a. The resistance of the erasing adjust-
able resistor 34a 1s made to be substantially the same as the
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resistance of the programming adjustable resistor 345. In this
way, data can be erased from the memory cell 40. Data can
subsequently be written to the memory cell 40 by again
adjusting the resistance of the adjustable resistor 345 so that
it 1s different from the resistance of the adjustable resistor
34a. In other words, data 1s written to the memory cell by
causing a difference 1n the resistances of the two adjustable
resistors 34a and 34b. Data 1s erased from the memory cell by
causing the resistances of the adjustable resistors 34a and 3456
to be the same. The adjustable resistors 34a and 345 can be
tformed according to the materials and processes described
previously. In one example the heating elements 334, 335 are
TaAl heating elements, and the adjustable resistors 34a, 345
are chromium silicon adjustable resistors as described previ-
ously.

In one embodiment, programming the memory cell 40
includes reducing the resistance of the adjustable resistor 345.
Erasing data from the memory cell can be performed by
subsequently reducing the resistance ol the adjustable resistor
34a. Multiple programming and erasing cycles can be per-
formed on the memory cell 40. The number of programming
and erasing cycles possible 1n the lifetime of the memory cell
40 1s based 1n part on the size of the increments by which the
resistance of the adjustable resistors 34a and 345 can be
reliably adjusted. In one embodiment, 50 or more program-
ming and erasing cycles can be performed. The resistances of
the adjustable resistors 34a and 346 can be altered in incre-
ments of 1% or smaller. The number of programming and
erasing cycles 1s also based in part on the sensitivity of the
reading circuits. The more sensitive the circuitry which reads
data from the memory cell 40, the smaller the increments of
adjustment can be and the more programming and erasing
cycles can be performed.

The resistances of the adjustable resistors 34a, 34b have
been described as being the same 1n the unprogrammed or
erased data state. However, 1n practice the resistances 1n the
unprogrammed or erased state may be slightly different so
long as the difference falls within an error tolerance, in part
determined by the design of the data reading circuit. Thus, 1n
one embodiment the resistances of the adjustable resistors
34a, 34b 1n the unprogrammed or erased state are substan-
tially the same.

FI1G. 26 1llustrates the memory cell 40 of FIG. 25 including,
a memory reading circuit 97 according to one embodiment.
The adjustable resistors 34a and 346 are connected to a word
line w which 1s 1n turn connected to a comparison circuit 98
by a switch 53. Two 1dentical reference resistors 99a and 995
are connected 1n series between voltage Vee and ground
voltage. One 1mnput of the comparison circuit 98 1s connected
to a common node connecting the reference resistors 99q and
90p.

When data 1s to be read from the memory cell 40, the bitline
b 1s brought to voltage Vcc by turning on transistor 53. The
ground line g 1s brought ground voltage by turning on tran-
sistor 49. The word line w 1s connected to the comparison
circuit 98 by turning on the switch 53. A current will flow
between the bitline b and the ground line g through the adjust-
able resistors 346 and 34a. The adjustable resistors 345 and
34a form a voltage divider causing an intermediate voltage to
appear on the word line w. The voltage on the word line w will
be some Iraction of the voltage Vcc according to the differ-
ence 1n the resistances of the adjustable resistors 34aq and 345.
I1 the resistance of the adjustable resistors 34a and 345 1s the
same, then the voltage at the word line w will be one half of
Vcc. I the resistance of the adjustable resistor 34b 1s lower
than the resistance of the adjustable resistor 34a, then the
voltage onthe word line w will be greater than one half of Vcc.
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Theresistances of reference resistors 99a and 9956 are equal to
cach other and therefore the voltage that they output to the
comparison circuit 98 1s one half of Vcc. If the voltage on the
word line w 1s higher than one-haltf Vcc then the comparison
circuit 98 will output a high voltage at Vout. This high voltage
at Vout indicates that data has been written to the memory cell
40. If the voltage on the word line w 1s one half Vcc or higher,
then the comparison circuit 98 will output a low voltage at
Vout. The low voltage at Vout indicates that the memory cell
40 1s unprogrammed or that data has been erased from the
memory cell 40.

While FIG. 26 1llustrates a data reading circuit 97 including,
a comparator 98 and reference resistors 99a and 995, other
types of reading circuits are possible. Any appropriate read-
ing circuit 97 can be used to read data from the memory cell
40. All such data reading circuits fall within the scope of the
present disclosure.

FIG. 27 1llustrates a top view layout of a memory cell 40
according to one embodiment. The memory cell 40 includes
heating elements 33a and 335 as well as adjustable resistors
34a and 34b. The memory cell 40 further includes heating
lines h, and h,, word line w, bitline b and ground line g.
Heating lines h , and h,, as well as word line w, are formed in
metal layer M_ . Bitline b and ground line GND are formed in
a higher metal layer, level M__,. Adjustable resistor 34a 1s
connected to word line w and ground line g. Heating element
33a 1s connected between heating line h, and ground line g.
Heating element 33q overlies adjustable resistor 34a. Adjust-
able resistor 345 1s connected between word line w and bitline
b. Heating element 335 1s connected between heating line h,
and ground line g. Heating element 335 overlies adjustable
resistor 345b.

When data 1s to be written to the memory cell 40, heating
line h, 1s connected to voltage Vee and ground line g 1s
connected to voltage ground. This causes a current to flow
through heating element 335 and to heat up adjustable resistor
34b and to change the resistance of the adjustable resistor 345
as described previously. The resistance of the adjustable resis-
tor 345 1s now different than the resistance of the adjustable
resistor 34a. To erase data from the memory cell 40, the
heating line h_ 1s brought to voltage Vcc and the ground line
g 15 brought to voltage ground. This causes a current to flow
through heating element 334 and to heat up adjustable resistor
34a and to alter the resistance of the adjustable resistor 34a.
The resistance of the adjustable resistor 34a 1s altered 1n an
increment substantially identical to the increment by which
the adjustable resistor 346 was altered when writing data to
the memory cell 40. Therefore, a programming cycle creates
a difference between the resistances of the adjustable resistors
34a and 34b, and an erasing cycle causes the resistances of the
adjustable resistors 34a and 345 to be substantially the same.

When data 1s to be read from the memory cell 40, bitline b
1s brought to voltage Vcc and ground line g 1s brought to
ground voltage Vss. Word line w 1s connected to the data
reading circuit 97. A current thus flows through the adjustable
resistors 3456 and 34q from bitline b to ground line g. This
causes a voltage to appear on word line w which 1s a fraction
of the voltage between bitline b and ground line g. The data
reading circuit then compares this voltage to a reference
voltage and the result of this comparison indicates whether
data has been written to the memory cell 40 or not. The layout
illustrated 1n FI1G. 27 1s given by way of example. Many other
layouts are possible, as will be apparent to those of skilled 1n
the art 1n light of the present disclosure. All such possible
layouts of the memory cell 40 fall within the scope of the
present disclosure.
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FIG. 28 illustrates a graph of the resistances of adjustable
resistors 34a and 3456 of FIG. 25 according to one embodi-
ment. At time T, the resistance of the adjustable resistor 34a
represented by dashed lines 1s substantially equal to the resis-
tance ol the adjustable resistor 345 represented by a solid line.
The data state of the memory cell 40 between time T, and time
T, 1s O because the resistances of the adjustable resistors 34a
and 345 are substantially the same.

At time T, the resistance of the adjustable resistor 345 has
been altered. The resistance of the adjustable resistor 345
decreases to resistance R,. The resistance of the adjustable
resistor 34a has not been altered, and remains at resistance R,
between times T, and T,. Because the resistances of the
adjustable resistors 34a and 34b are different during the
period between times T, and T,, data value 1 1s stored 1n the
memory cell 40 between times T, and T ,.

At time T, the resistance of the adjustable resistor 34a 1s
altered so that 1t decreases to resistance R, and 1s substantially
the same as the resistance of the adjustable resistor 34b.
Because the resistance of the adjustable resistors 34a and 345
1s substantially the same between time periods T, and T, the
data state of the memory cell 40 15 O 1n this time range.

At time T, the resistance of the adjustable resistor 345 1s
reduced to resistance R,. The resistance of the adjustable
resistor 34a during the period between times T, and T,
remains atresistance R, different from resistance R ;. Because
the resistances of the adjustable resistors 34a and 345 are
different in this time period, the data value of memory cell 40
1s 1.

At time T, the data state 1s again erased to be 0 by bringing
the resistance of the adjustable resistor 34a to resistance R,
the same resistance as the resistance of the adjustable resistor
34b. At time T data 1s again written to the memory cell 40 by
reducing the resistance of the adjustable resistor 345 to resis-
tance R .

The spacings of times 1,,1T,,T,,T5,T,, and T appear to be
equal in the graph 1n FIG. 28. However, these time lengths can
be any arbitrary time lengths. They simply illustrate how data
can be written and erased from time to time. Data can be
written to a memory cell 40 at one time and the state of the
memory cell 40 will remain until another time when the data
1s erased from the memory cell 40. Such time lengths may be
as long or as short as desired. In fact, data may be written to
a memory cell 40 and the memory cell 40 may never be erased
in one 1mplementation due to the particular purpose and use
of the data stored in the memory array 36 as a whole. In other
uses, the data in the memory cell 40 can be repeatedly pro-
grammed and erased many more times than shown in FI1G. 28.
Thus the times shown 1n FIG. 28 are arbitrary time periods
used only to illustrate that some time has elapsed between
programming and erasing cycles of the memory cell 40.

FIG. 29 1llustrates an array 36 of memory cells 40 accord-
ing to one embodiment. Each memory cell 40 of the array 36
1s a memory cell 40 according to FIGS. 25-28. The memory
cells 40 of the memory array 36 are substantially identical to
cach other. Each memory cell 40 includes respective adjust-
able resistors 34a and 34b as well as respective heating ele-
ments 33q and 336. The memory array 36 1s broken into rows
and columns of memory cells 40. Memory cell 40, 1s in a first
row and a first column of memory cells. Heating element 334
of memory cell 40, , 1s connected between heater line h_, and
ground line g, . Adjustable resistor 34a 1s connected between
ground line g, and word line w,. Heating element 335 1s
connected between heating line h,, and ground line g;.
Adjustable resistor 345 1s connected between bitline b, and
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word line g,. The programming, erasing, and reading of the
memory cells in the array 36 are done as described in relation
to FIGS. 25-28.

Memory cell 40, , ,1s 1n row 1 and column M of the memory
array 36. Memory cell 40, ,,1s connected to heater lines h_,
and h,,, and to word line w,. The memory cell 40, ,,1s further
connected to ground line g, , and bitline b, .

Memory cell 40, 1s located in row N and column 1 of the
array 36. The memory cell 40,,, 1s connected to heater lines
h,y-and h, , as well as word line w ;. The memory cell 40, 1s
also connected to ground line g, and bitline b,. Memory cell
40.,,,1s located in row N and column M of the array 36. The
memory cell 40,,,1s connected to heater lines h y,and h ; as
well as word line w,,. The memory cell 40,,, . 1s further con-
nected to ground line g, ,and bitline b, .. The heater lines of the
array 36 can be connected or disconnected to voltage Vcc.
The word lines of the array 36 can be selectively connected to
datareading circuits 97. The bitlines b, -b, ,of the array 36 can
be selectively connected to voltage Vcc. The ground lines
g.-g, -0l the array 36 can be selectively connected to ground
voltage. Data can be programmed, erased, or read from any of
the individual memory cells 40 of the array 36 by selecting the
appropriate heater line, word line, ground line, or bitline.

Many other configurations are possible for the memory
array 36 according to one embodiment. Furthermore, differ-
ent voltages can be used between the heater lines, the bitlines,
the ground lines, and the word lines. For example, the heater
lines may be subjected to a high programming voltage higher
than Vcc. Many configurations and voltages are possible as
will be apparent to those of skill in the art 1n light of the
present disclosure.

The various embodiments described above can be com-
bined to provide further embodiments. All U.S. patent appli-
cation publications and U.S. patent applications referred to 1n
this specification and/or listed 1n the Application Data Sheet
are incorporated herein by reference, 1n their entirety. Aspects
of the embodiments can be modified, 11 necessary to employ
concepts of the various patents, applications and publications
to provide yet further embodiments.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, 1n the
following claims, the terms used should not be construed to
limat the claims to the specific embodiments disclosed 1n the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited by the disclosure.

The invention claimed 1s:

1. An Integrated circuit die comprising:

a memory cell including:

a first thun film adjustable resistor;
a second thin film adjustable resistor; and

a data writing circuit coupled to the memory cell and con-
figured to write data to the memory cell by altering the
resistance of the first thin film adjustable resistor and to
erase data from the memory cell by altering the resis-
tance of the second thin film adjustable resistor.

2. The integrated circuit die of claim 1 wherein the memory

cell further includes:

a {irst thin film heating element coupled to the data writing
circuit and configured to alter the resistance of the first
thin film adjustable resistor by heating the first thin film
adjustable resistor; and

a first thin film heating element coupled to the data writing,
circuit and configured to alter the resistance of the sec-
ond thin film adjustable resistor by heating the second
thin film adjustable resistor.
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3. Theintegrated circuit die of claim 2 wherein the memory
cell further includes a dielectric layer a dielectric layer sepa-
rating the first thin film heating element from the first thin film
adjustable resistor and separating the second thin film heating
clement from the second thin film adjustable resistor.

4. The integrated circuit die of claim 1 wherein the data
writing circuit 1s configured to write data to the memory cell
by increasing a difference between the resistances of the first
and second thin film adjustable resistors and to erase data
from the memory cell by decreasing a difference between the
resistances of the first and second thin film adjustable resis-
tors.

5. The integrated circuit die of claim 4 wherein the data
writing circuit 1s configured to erase data from the memory
cell by altering the resistance of the second thin film adjust-
able resistor to be substantially equal to the resistance of the
first thin film adjustable resistor.

6. The integrated circuit die of claim 1 wherein the data
writing circuit 1s configured to erase data from the memory
cell by increasing a difference between the resistances of the
first and second thin {ilm adjustable resistors and to write data
from the memory cell by decreasing a difference between the
resistances of the first and second thin film adjustable resis-
tors.
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